Introduction
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During polar cell expansion, the apical zone is characterized by a gradient of cytoplasmic Ca (Duan et al. 2014 ) by an unknown 88 mechanism. NOXC (Bibikova et al., 1998; Foreman et al., 2003; Monshausen et al., 2007 Monshausen et al., , 2008 89 and NOXH/NOXJ (Wu et al., 2010; Boisson-Dernier et al., 2013) were previously proposed to 90 connect apo ROS production with the transient activation of plasma membrane Ca 2+ Channels 91 (CaCs) (see Table 1 ) in growing root hairs and growing pollen tubes, respectively. A ROS burst is 92 crucial for pollen tube rupture and sperm release (Duan et al., 2014 impacts the enzymatic machinery that modifies wall components during cell expansion. growth involves the deformation and stretching of the existing primary wall in the apical zone, (Braidwood et al. 2014; Spartz et al., 2014; Wolf and Höfte 2014) . In root hairs, the maxima of 106 these oscillatory fluctuations in apo ROS concentration and apo/cyt pH precede to cell growth peaks 107 by 7-8 seconds, while cyt Ca 2+ oscillations lag oscillations in cell growth by ~5-6 seconds 108 (Monshausen et al., 2007 (Monshausen et al., , 2008 . In pollen tubes, the oscillations in cyt Ca 2+ concentration are 109 delayed by ~11 seconds relative to cell expansion rates (Pierson et al. 1994) . Thus, growth is preceded, and perhaps transiently repressed by high levels of cyt Ca 2+ and, 111 subsequently, high apo ROS concentrations and a more alkaline apoplastic pH. maintained during polar-growth in pollen tubes and root hairs (Wudick and Feijó, 2014) . , and pH signaling in plant development and physiology, we refer the 144 reader to other recent reviews (Swanson et al., 2011; Kurusu et al., 2013; Gilroy et al., 2014; 9 Although ROS are produced in several intracellular compartments (e. hands, and several potential phosphorylation sites (Takeda et al., 2008) -mediated NOX activation (Wong et al., 2007; Kimura et al., 2012; 196 Takahashi et al., 2012) . Experiments carried out in HEK293T (human embryonic kidney) cells Little is known about the transcriptional regulation of NOXC and NOXH/NOXJ during polar-208 growth. In root hairs, RSL4, which is downstream of the morphogenetic RHD6/RSL1 program, is 209 thought to be a master regulator of growth (Datta et al., 2015) . RSL4 is activated by low 210 concentrations of inorganic phosphate (Pi; an environmental signal) and high concentrations of 211 endogenous auxin, by an unknown mechanism (Yi et al., 2010; Datta et al., 2015 trigger ROS-linked polar-growth in root hairs ( Figure 1B) . However, the molecular links between 218 auxin-mediated regulation of root hair growth and RSL4 activation (Yi et al., 2010; Datta et al., 219 2015) , and between RSL4 expression and ROS-production, remain to be elucidated.
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Furthermore, the overexpression of RSL proteins in Brachypodium, rice, and wheat inhibits root In addition to NOX proteins, apo PER III has a direct impact on apo ROS levels ( Figure 1B ) and can be 231 positively modulated by Ca 2+ (Plieth and Vollbehr, 2012 It is also important to highlight that cell wall chemistry is quite different in root hairs and in network (Cannon et al., 2008) . This was suggested to occur in growing root hairs (Velasquez et 255 al., 2015) . By contrast, the apo ROS produced by the activity of apo PER III (in hydroxylic cycles) 256 would enhance polysaccharide cleavage and act as a wall-loosening agent that promotes 257 growth (Fry, 1998; Schopfer et al., 2002; Dunand et al., 2007; Macpherson et al., 2008) underlying root hair growth is still unclear (Rentel et al., 2004) . Several mutants of the MAPK 344 signaling cascade exhibit defects in root hair growth (Nakagami et al., 2006; Qiu et al., 2008; 345 Beck et al., 2010) of root hairs and cell bursting (Monshausen et al., 2007) . Surprisingly, root hairs of the noxC 361 mutant (rhd2-1) (Takeda et al., 2008) were rescued by increasing the extracellular pH from 5 to 362 6). This mutant still showed reduced cyt ROS levels, but a normal tip-focused Ca 2+ gradient 363 (Monshausen et al., 2007) . This finding suggests that physiological levels of ROS are not 364 absolutely critical for root hair development or for gating the Ca 2+ channels needed to generate 365 the tip-focused gradient. It is unclear why a shift in pH to a more neutral environment is able to 366 restore Ca 2+ signatures and polar-growth in a ROS-deficient mutant. The apo pH is thought to be 367 regulated by proton fluxes generated by AHA, which would also regulate the release of Ca 2+ 368 ions stored in the cell wall ( Figure 1A) . AHA, as a member of the P-type superfamily of ATP- RHO GTPase ROP2 (Duan et al., 2010) . The active form of ROP2 (and possibly ROP6) enhances 382 the enzymatic activity of NOXC (Foreman et al., 2003; Takeda et al., 2008; Oda et al., 2010) . In a 383 similar way, it is expected that the CrRLK1L proteins present in growing pollen tubes, ANXUR1 384 and ANXUR2, recruit ROP1 by an unknown ROPGEF, with any of the ROPGEFs that interact with 385 the PRK6 receptor (i.e., ROPGEF8, 9, 12, or 13) being the best candidates. Then, ROP1 would 386 bind to NOXH/NOXJ and promote ROS-production in growing pollen tubes ( Figure 1A) . In germination and reproduction and several other pleiotropic phenotypes (see Table 1 ) (Konrad 421 et al., 2011; Hou et al., 2014; Richards et al., 2014; Yuan et al., 2014 
